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Abstract 

Stable associations between partners over time are critical for the evolution of mutualism. Hosts employ a variety of 
mechanisms to maintain specificity with bacterial associates. Acromyrmex leaf-cutting ants farm a fungal cultivar as their 
primary nutrient source. These ants also carry a Pseudonocardia Actinobacteria exosymbiont on their bodies that produces 
antifungal compounds that help inhibit specialized parasites of the ants' fungal garden. Major workers emerge from their 
pupal cases (eclose) symbiont-free, but exhibit visible Actinobacterial coverage within 14 days post-eclosion. Using 
subcolony experiments, we investigate exosymbiont transmission within Acromyrmex colonies. We found successful 
transmission to newly eclosed major workers fostered by major workers with visible Actinobacteria in all cases (100% 
acquiring, n = 19). In contrast, newly eclosed major workers reared without exosymbiont-carrying major workers did not 
acquire visible Actinobacteria (0% acquiring, n = 73). We further show that the majority of ants exposed to major workers 
with exosymbionts within 2 hours of eclosion acquired bacteria (60.7% acquiring, n = 28), while normal acquisition did not 
occur when exposure occurred later than 2 hours post-eclosion (0% acquiring, n = 1 8). Our findings show that transmission 
of exosymbionts to newly eclosed major workers occurs through interactions with exosymbiont-covered workers within a 
narrow time window after eclosion. This mode of transmission likely helps ensure the defensive function within colonies, as 
well as specificity and partner fidelity in the ant-bacterium association. 
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Introduction 

Symbiosis, the living together of unlike organisms [1], has been 
and remains critically important to tlie evolution of life on Earth. 
The success of symbiosis depends on the host's ability to properly 
acquire and maintain suitable symbionts. Microbial symbionts are 
either acquired vertically (from parent to offspring) or horizontally 
(from the environment or from individuals within the same 
generation, as can occur in the social insects). Highly constrained 
transmission allows few opportunities for partner switching. 
Symbiont transmission can be constrained by the need for physical 
interactions, temporal acquisition windows, and molecular spec- 
ificity [2,3]. Highly constrained transmission allows fewer oppor- 
tunities for partner switching, increasing partner fidelity, which is 
important for maintaining stable interactions in specialized 
symbioses [4]. This type of evolutionary constraint can be imposed 
through several mechanisms, including recognition through 
partner-mediated molecular patterns by hosts and/or symbionts 
[2]. Establishing a symbiosis may rely on a critical bacterial 
acquisition window. For example, the alydid stinkbug, Riplortus 
pedestris, showed significandy greater acquisition of a horizontally 



transmitted Burkholderia midgut symbiont during the second 
instar larvae than other stages [3]. Rio and colleagues [5] have 
show similar importance of the timing of symbiont succession in 
the beneficial girt community of the European medical leech, 
Hirudo verbana. Limited symbiont acquisition periods likely 
function to increase colonization specificity [2] and are likely 
more common than currently recognized. 

Fungus-growing ants are associated with fungal mutualists that 
they have been farming for approximately 50 million years [6]. 
The ants rely on their fungal cultivar as a food source, and in turn 
the fungus depends on the ants for collecting the substrate that 
serves as its nutrient source, for defence against microbial pests, 
and for propagation to new colonies [6,7]. One defence employed 
by fungus-growing ants to protect their fungus garden is the 
maintenance of exosymbiotic Actinobacteria that produce antimi- 
crobial compounds capable of inhibiting a specialized Ascomycete 
parasite {Escovopsis spp.) of the ants' cultivar fungus [8-14]. The 
ants appear to provide the Actinobacteria with nutrition from 
glands connected via channels to cuticular tubercles, which are 
present across most of the phylogenetic diversity of fungus-growing 
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ants [15]. Two genera, Atta and Sericomyrmex, do not carry visible 
Actinobacteria [15], which has been suggested to be due to 
symbiont loss associated with a shift in relative importance of 

alternative defence mechanisms [16]. In species with Actinobac- 
teria exosymbionts, virgin gynes carry a visible layer of 
exosymbiotic bacteria on their mating flights, suggesting vertical 
transmission of the exosymbiont between host-ant generations 
[10]. 

In Acromyrmex leaf-cutting ants, young major workers are 
present in the fungus garden. These ants typically exhibit 
abundant coverage of Actinobacteria, while minor workers and 
foraging (older) major workers carry litde to no visible exosym- 
biont [17]. Major workers emerge from their pupal cases (eclose) 
symbiont-free and acquire the first visible traces of Actinobacteria 
detectable by electron microscopy 2-3 days post-eclosion, after 
which exosymbiont coverage increases for 10-15 days [18] (Figure 
SI). Major workers maintain high levels of symbiont coverage 
while they are present in the fungal garden, until approximately 25 
days of age [18]. The subsequent reduction in coverage coincides 
with the time the ants begin to perform tasks outside the fungus 
garden and/or cokmy [18]. Culture dependent and independent 
methods, including elongation factor sequencing, suggests that 
each colony maintains a single strain of this symbiont, and that 
both Acromyrmex echinatior and Acromyrmex octospinosus hosted 
closely related actinobacteria in the genus Pseudonocardia [19]. 
Recent work, using pyrotag sequencing of a short segment of the 
16 S ribosomal gene, supports that the population of exosymbiont 
on major worker cuticles in A. echinatior is dominated by a single 
phylotype of Pseudonocardia, and that colonies appear to 
maintain the same strain for many years [20]. This implies 
efficient transmission to newly eclosed major workers from an 
inoculation source, which Poulsen et al. [18] proposed could be 
major workers carrying abundant exosymbiont. Alternative 
sources, including the fungus garden, where low levels of 
Actinobacteria have been documented [21], seem unlikely, but 
have not been formally excluded. Other researchers have argued 
for low partner fidelity between fungus-growing ants and 
Actinobacteria, including individual colonics associating with 
multiple actinobacterial symbionts and readily acquiring new 
actinobacterial symbionts from the environment [22-25]. 

Here we explore the mode- of Actinobacterial transmission in 
two species of Acromyrmex leaf-cutter ants, A. echinatior and yl. 
octospinosus, using subcolonies with garden and leaf material. To 
determine if acquisition is a consequence of the presence of 
Actinobacteria-carrying major workers, we fostered newly-eclosed 
Acromyrmex major workers in the presence or absence of major 
workers carrying Actinobacteria, as well as with symbiont-free 
minor Acromyrmex workers, or symbiont-iix-c Atta workers. We 
also fostered pupae with minor workers and a thorax dissected 
from a live major worker carrying a high level of exosymbiont 
coverage. Furthermore, to examine the time frame in which 
acquisition occurs, we reared newly-eclosed majors in subcolonies 
where Actinobacteria-carrying majors were introduced at different 
time points. Finally, specific conditions for within-colony trans- 
mission would help ensure long-term colony specificity in the ant- 
Actinobacteria association. To test for this, we isolated and 
sequenced 16 S rDNA of the Actinobacteria-symbiont Pseudono- 
cardia from nine colonies, and compared these to sequences 
obtained when the same colonies were first collected 6-9 years 
earlier. 



Materials and Methods 

Ant colonies 

The exosymbiont source and stability experiments were 
performed using the following colonies maintained at the 
University of Wisconsin-Madison: Acromyrmex echinatior: 
AP06 11 04-01 Costa Rica; AeP5 & CC03 1209-02, CC03 12 12-01 
Panama; EC110523-1, EC110523-2 & EC110523-3 Costa Rica; 
Acromyrmex hispidus fallax UGM030327-02 Argentina; Acromyr- 
mex laticeps UGM030330-04, CC030403-09, Argentina; Acro- 
myrmex niger CC030327-02, Argentina; Acromyrmex octospinosus 
AL050505-11, CC031210-22, MP010908-1, SA010908-4, 
ST0401 16-01 & UGM020518-05 Panama; Atta cephalotes: 
AP061021-2 & AL0505 13-22 Costa Rica. Colonies were main- 
tained at 24°C in the dark to mimic underground conditions, with 
overhead lights illuminated periodically for colony maintenance. 
Each ant colony was housed in a large outer plastic container 
(17.5 cm Hx29 cm Wx40 cm L) accommodating one smaller 
refuse dump container and one or two garden containers (ranging 
from 3.0 cm H by 7.5 cm Lx7.5 cm W to 11 cm Hxl9.5 cm 
Lxl2.5 cm W, Pioneer Plastics). Each container had a 1 cm 
diameter hole drilled to allow ants to move in and out. Mineral oil 
was applied regularly to the top 4 cm of the outer container to 
prevent ants from escaping. Colonies were provisioned maple 
[Acer sp.) and oak [Quercus sp.) leaves (frozen in the winter and 
fresh during summer) three times per week. Leaves were 
supplemented with oatmeal, rice and commeal. Wet cotton balls 
were stored in the outer box to increase humidity. 

Acquisition timing experiments were performed using Acromyr- 
mex octospinosus colonies (SEMI 10828-1, RVC 110826-1, 
RVC 110813-3) collected in Heredia, Costa Rica in 2011. These 
colonies were maintained in the laboratory at the La Selva 
Biological station at 24°C under ambient lab light conditions. 
Each colony was housed in a larger plastic container (28 cm 
Hx40 cm Wx56 cm L) accommodating one smaller plastic 
container for refuse dump and one to three smaller plastic 
containers (ranging from 3.0 cm H by 7.5 cm Lx7.5 cm W to 
1 1 cm Hxl9.5 cm Lxl2.5 cm W, Pioneer Plastics) enclosing the 
colony fungus gardens. These colonies were provisioned with local 
flora, including leaves and flowers. Supplemental experiments 
were performed at the University of Wisconsin-Madison on the 
colonies mentioned above. 

Subcolony set-up: acquisition source 

We performed subcolony experiments to evaluate which colony 
components are necessary for successful exosymbiont transmission. 
Subcolonies were set up in small (4.0 cm H by 5.5 cm OD) clear 
plastic containers (Pioneer Plastics, Round Container 002C). After 
sterilizing the containers for at least 20 minutes using UV light, a 
Kimwipe moistened with distilled water was placed at the bottom 
to help provide humidity. A small (4.12 cm Wx4.12 cm 
LxO.79 cm H) weigh boat (Fisher catalogue #08-732-112) was 
placed on top of the Kimwipe, and then the fungus garden, ants 
and pupa were added. A~ 1 cm^ leaf fragment of pin oak {Quercus 
palustris) was added 24 hours or more after eclosion for the ants to 
cut and incorporate into the fungus garden. We started by 
establishing that Acromyrmex ants could acquire exosymbiont 
normally in a subcolony set-up consisting of a focal pupa, 0.1 g 
fungus, 2 major workers and 4 minor workers (n = 10 subcolonies) 
[26]. We monitored subcolonies daily to record eclosion date and 
visible exosymbiont coverage level for the focal ant until 14—21 
days after eclosion, defining visible coverage as an indication of 
successful colonization. We performed environmental Scanning 
Electron Microscopy (eSEM) on a subset of the ants to confirm 
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light microscopy findings (see Figure SI). Colony components 
were replaced as necessary (i.e., nurse ants in the case of death or 
fungal garden in the case of coUapse). We explored which of the 
following colony component combinations would provide a source 
for exosymbiont transmission: 1) fungal garden, via cross-fostering 
with a related strain of fungus [a focal pupa, 0.1 g Leucoagaricus 
from^to cephalotes, 2 major workers and 4 minor workers, n = 22 
subcolonies; since pupae fail to eclose without assistance from 
older ants it was necessary to include ants in these set-ups]; 2) 
conspecific worker ants, via cross-fostering with another ant 
species with no visible Actinobacteria [a focal pupa, 0. 1 g fungus 
garden, 2 major and 4 minor Atta cephalotes workers n = 6 1 
subcolonies]; 3) minor workers [a focal pupa, 0. 1 g fungus garden, 
8 minor workers, n=15 subcolonies], 4) major workers not 
carrying visible Actinobacteria [a focal pupa, 0. 1 g fungus garden, 
4 major workers cross-fostered with Atta cephalotes n = 1 2 
subcolonies], 5) major workers carrying visible Actinobacteria [a 
focal pupa, 0.1 g fungus garden, 4 major workers, n=17 
subcolonies], and 6) minor workers with a thorax from a freshly 
dissected major worker with visible exosymbiont (changed every 
48 hours to assure that bacteria were viable), to provide a bacterial 
source population [a focal pupa, 0.1 g fungus garden, 8 minor 
workers, and 1 exosymbiont-covered thorax, n = 23 subcolonies]. 
See Figure 1 and Table SI for an oufline of the experimental set- 
up and sample information by ant species. We classified workers 
by size, and then verified that all major ants carried visible 
exosymbiont, while minors did not. 

Subcolony set-up: acquisition timing 

Preliminary cross-fostering experiments suggested that the 
period when callow workers could acquire exosymbiont was less 
than 24 hours (data not presented). This narrow temporal window 
emphasized the importance of delineating the time of eclosion. 
Here, the relevant feature of eclosion is likely to be the time when 
a callow worker can first interact with the environment (i.e., its 
cuticle is exposed to the environment outside the pupal case). 
Further, initial efforts to define a zero time point (i.e., the first 
moment an individual transitions from being a pupa to being an 
adult) revealed that the time it takes an individual to emerge from 
its pupal case is highly variable, ranging from minutes to hours. 
Attempts to visually verify the first holes in the pupal case via light 
microscopy lead to extremely high mortality. Given that pupae/ 
callow workers often begin struggling to free themselves from their 
pupal case once this membrane is broken, as has been reported in 
fire ants [27], we defined the time of eclosion for experimental 
purposes as initiation of sustained kicking behaviour. 

To determine the time after eclosion during which acquisition 
would predominantly occur, we fostered pupae with four minor 
workers with no visible exosymbiont from their natal colony. 
Subsequently, we added two majors with visible exosymbiont 
collected from the ants' natal garden at different time points after 
focal ant eclosion. Once these majors were added, they remained 
in the subcolony until the end of the experiment. Wc sck-cted 
major workers whose Actinobacterial coverage and colony 
location made it likely that they were carrying abundant 
exosymbiont loads and were involved in brood care [18,28]. 
Control colonies were set up with majors present initially, while 
experimental subcolonies were set up with majors added 0-1, 1-2, 
3-A, 7-8 or 24—30 hours after focal ant eclosion. Leaf fragments 
were not added until 24 hours after eclosion to facilitate 
observations and to provide forage once majors capable of cutting 
were present. 



Long-term stability 

A specific mode of within-colony transmission from older to 
younger major workers would suggest long-term stable association 
between individual ant colonies and their exosymbiotic bacterium. 
To test this we extracted and sequenced 16 S rDNA of the 
Actinobacteria symbiont Pseudonocardia from nine e-maintained 
colonies, and compared these to sequences obtained when colonies 
were first brought back to the from the field 6-9 years prior to this 
study. Other genera of Actinobacteria were not isolated at the time 
of colony collection, so we were unable to assess the stability of 
other potential members of the symbiont community. However, 
these are expected to occur in low fi-equency if at all [20] . At the 
time of colony collection, bacteria had been isolated from 
individual Acromyrmex ants by scraping visible Pseudonocardia 
from their propleural plates onto chitin agar plates, allowing 
bacteria to grow for 3 weeks, then transferring colonies with 
Actinobacteria-like morphology (small, white, dusty ball-like 
colony-forming units) to yeast malt extract plates [8,19,29]. We 
re-isolated Pseudonocardia using the same methods. Subsequently, 
we assessed whether ant colonies maintained the same bacterial 
symbiont by comparing the 16 S ribosomal RNA gene sequences 
of the original isolates with those obtained in this study. Bacterial 
DNA was extracted using a cetyltrimethylammonium bromide 
(CTAB) protocol described previously [8,19,29] and genomic 
DNA was rjuantified using a Nanodrop photospectrometer 
(Wilmington, DE, US) and diluted to 50 ng/ |tl using TE. We 
amplified 16S rDNA using universal primers 27f (5'AGAGTTT- 
GATCMTGGCTCAG'3) and 1492r (5'TACGGYTACCTTGT- 
TACGACTT'3) [30]. Amplicons were sequenced on an ABI 
3730x1 DNA Analyzer at the University of Wisconsin Biotechnol- 
ogy' Center (Madison, WI, US). We edited sequences using 
Sequencher 4.5 [31], did a preliminary aUgnment using ClustalX 
[32], edited the alignment using MacClade 4.07 [33], and used 
Mega 5.0 [34] to generate a Maximum likelihood phylogcny based 
on the Tamura-Nei model with all positions containing gaps and 
missing data eliminated. 

Results 

Source of exosymbiont transmission to newly eclosed 

workers 

We explored the natural conditions under which newly eclosing 
Acromyrmex echinatior ants acquire Actinobacteria exosymbionts. 
Five of six focal pupae in control subcolonies (containing a focal 
pupa, fostering major and minor ants, and a leaf fragment) 
acquired exosymbiont normally, consistent with patterns of 
acquisition previously reported [18]. 

To test whether the ants' fungal garden could be the source of 
the Pseudonocardia, we conducted fungus-switching experiments. 
We fostered Atta and Acromyrmex pupae with majors and minors 
from their natal colonies, but with fungus garden fragments from a 
host ant of the other genera (e.g.. Alia cephalotes ants and pupae 
with Acromyrmex garden). Switching of the fungal garden resulted 
in high mortality among callow workers (54% survival, n = 22 
subcolonies). No Acromyrmex echinatior ants lived longer than five 
days post-eclosion (0% sur\-ival, n = 4 subcolonies), so all results 
reported here are for Acromyrmex oclospinosus (58% survival, 
n=12 subcolonies). None of the five Atta ants acquired 
exosymbiont when raised with A. octospinosus fungus garden 
(0% survival, n = 5 subcolonies). When A. octospinosus and A. 
echinatior pupae were cross-fostered with Atta garden and Atta 
workers (83% survival, n = 6 subcolonies), no majors acquired 
visible exosymbiont coverage (0% transmission, n = 5 subcolonies). 
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Figure 1. Acquisition source, a) Subcolony set-up. Newly eclosing Acromyrmex worl<ers were fostered in subcolonies containing the following 
components 1) Atta cephalotes ants, a genus lacking visible symbiont, 2) minor workers (also lacking visible symbiont), 3) major workers without 
visible symbiont, 4) dissected thorax from major workers (changed every 48 hours) and minor workers (lacking visible symbiont) and 5) major 
workers with visible symbiont. Only pupae fostered with living major workers carrying Pseudonocardia developed symbiont coverage, b) The results 
of this experiment showed that Acromyrmex ecfiinatior and Ac. octospinosus successfully acquired exosymbiotic bacteria only when pupae were 
raised in the presence of major workers carrying exosymbiont. Sample sizes (n) represent the number of focal ants surviving more than five days after 
eclosion. See Figure SI for mortality data. Photo of Atta cephalotes used with permission, ©Alex Wild, Schematic ant drawings modified from Poulsen 
et al. [18]. 

doi:1 0.1 371 /journal.pone.01 03269.g001 



These results indicate that the fungus garden is highly unlikely to 
be a significant source of exosymbiont inoculum. 

No acquisition was observed when Acromyrmex ants were raised 
with their own fungal garden and Atta workers (n = 14 and n = 18 
for A. octospinosus and A. echinatior, respectively), nor when 
pupae were raised with minors only (n = 7 and n = 4 for A . 
octospinosus and A. echinatior, respectively) or minors only but 
with the presence of an Actinobacterial source population (i.e., the 
thorax of a major worker with copious visible exosymbiont added 
to the fungal garden; n = 1 2 and n = 8 for A . octospinosus and A . 
echinatior, respectively). In contrast, all major worker pupae raised 
with Acromyrmex major workers and fungus from either 
Acromyrmex or Atta colonies acquired visible exosymbiont 
(100% transmission, n = 5, n = 7 and n=7 fory4. octospinosus all 
components, A. octospinosus ants/ Atta cephalotes fungus, A. 
echinatior all components respectively). This indicates that major 
workers carrying visible levels of exosymbiont are necessary for 
normal acquisition. Further, our fostering of pupae in subcolonies 
with majors carrying no visible exosymbiont resulted in no workers 
acquiring exosymbionts (n = 7 and n = 3 for^. octospinosus andy4. 
echinatior, respectively). These results thus show that direct 
contact with major workers carrying visible exosymbiont is 
necessary for normal exosymbiont transmission (Figure 1). 



Acquisition tinning 

To explore whether exosymbiont acquisition is limited to a brief 
inoculation period, we allowed pupae to eclose without Actino- 
bacteria-carrying majors present and then added Actinobacteria- 
carrying majors at different time intervals after major worker 
eclosion. Although mortality was high across all fostered pupae, a 
clear pattern in acquisition timing emerged (Figure 2). If exposure 
to major workers with visible coverage occurred 2 hours or longer 
after eclosion, these new major workers did not acquire 
Actinobacteria (Figure 2). In contrast, six of eleven ants exposed 
to workers with Actinobacteria in the 0-1 hour window after 
eclosion acquired exosymbiont, as did two of nine ants exposed in 
the 1-2 hour window. All control ants (100% transmission, n = 9 
callow workers eclosing in the presence of Actinobacteria-carrying 
majors) acquired exosymbionts normally. 

Synnbiont stability 

Transmission of symbionts from older to newly-eclosed majors 
within a narrow time window suggests long-term propagation of 
specific Actinobacteria symbionts within individual ant colonies. 
This predicted long-term serial transmission of specific symbionts 
within individual ant colonies was supported by re-isolations of 
Pseudonocardia from the same colonies over a 6-9 year period. 
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Figure 2. Acquisition timing, a) All set-ups contained one focal pupa, 4 minor workers and a piece of fungus garden. IVIajor workers with visible 
exosymbiont were added at varying intervals from 0-1 hours to 24-30 hours post-eclosion. Controls contained major workers added at the time of 
subcolony set-up. Ants acquired in a gradient from 100% of controls to 0% of ants exposed after more than 2 hours. Drawings modified from Poulsen 
et al. 2003 and photos by S.E.M. b) Critical window period for exosymbiont acquisition in Acromyrmex octospinosus. The percentage of ants acquiring 
visible exosymbiont after exposure to exosymbiont-carrying majors introduced at varying times after eclosion. All pupae from 3-4 hour subcolonies 
died (n = 10), not shown. Sample sizes (n) represent the number of focal ants surviving more than five days after eclosion. See Figure SI for mortality 
data. *An additional 1 1 subcolonies were set up in the lab due to high field mortality. 
doi:10.1371/journal.pone.0103269.g002 



Specifically, we isolated identical, or near identical (i.e., within 
99.8% 16 S rDNA sequence identity) strains oi Pseudonocardia 
symbionts from five colonies of Acromyrmex spp. ants following 8 
years (four colonies: two A. echinatior CC03 1209-02 with two 
independent re-isolates and CC03 12 12-01 with one independent 
re-isolate; A. octospinosus CC031210-22 with three independent 
re-isolates; and /I. laticeps CC030403-09 with one independent re- 
isolate) and 9 years (one colony of A. octospinosus with 
UGM0205 18-05 with one independent re-isolate) of maintenance 
in the laboratory (Figure 3). Further, we isolated Pseudonocardia 
with >98.5% 16 S rDNA sequence identity, placing the strain in 
the same symbiont clade, from four colonies after 6-7 years of 
maintenance in the laboratory (ST040 1 1 6-0 1 , one independent re- 
isolate, 7 years; UGM030330-04, two independent re-isolates, 7 
years; UGM030327-02, one independent re-isolate, 6 years; 
CC030327-02, one independent re-isolate, 6 years). 

Discussion 

Many, if not all, metazoans depend on beneficial microbial 
symbionts. These microbes provide their hosts with a range of 
services including nutrition and defence. In a number of these 
host-symbiont associations, a high degree of specificity exists 
between host species and/or populations and individual species or 



specific phylogenetic clades of closely related strains of microbes 
[8,35-37]. Specificity is expected to help ensure the presence of 
symbionts that confer appropriate benefits to the host [4], in 
addition to stabilizing the host-microbe association by preventing 
non-beneficial symbionts from competing with and potentially 
displacing beneficial symbionts [38]. Many hosts rely on vertical 
transmission from parents to offspring for between host-generation 
alignment of reproductive interest aiding partner fidelity [2] . In 
social hosts, the acquisition of symbionts is not only between host 
generations (new queens and colonies), but also between overlap- 
ping generations within individual nests. Our findings reveal a 
specific mechanism of within-colony transmission of cuticular 
Actinobacteria exists in two leaf-cutting ant species in the genus 
Acromyrmex, in addition to indicating that the opportunity for 
acquisition of symbionts by this mechanism is possible only during 
a narrow time window. 

Older major workers had previously been proposed as the 
source of Actinobacterial transmission [39], so we experimentally 
tested this by exploring the conditions required for major 
Acromyrmex leaf-cutting ants to acquire natural populations of 
cuticular Actinobacteria. This confirmed that newly eclosed major 
workers could acquire exosymbionts in small subcolonies with leaf 
fragments, fungal garden, and adult majors and minors present. 
Subsequent experiments fostering (within genus) and cross- 
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Figure 3. 16S Pseudonocardia phylogenetic tree. A phylogeny showing bacterial sequences associated with individual leaf-cutting ant colonies 
over time and their free-living relatives (italics). The phylogenetic tree was generated by the maximum likelihood method based on the Tamura-Nei 
model and bootstrapped 1000 times. The scale bar represents the genetic distance between samples, reflecting the number of nucleotide changes 
per site. The tree was created from 16 S rDNA sequences of Pseudonocardia exosymbionts obtained from leaf-cutting ants at the time of colony 
collection (regular text) and up to 9 years later (bold text). Year(s) of isolation noted in parenthesis after the colony code. Identical sequences 
obtained at different times are represented by a single sequence with multiple dates. Clades of Pseudonocardia associated with leaf-cutting ants are 
labeled with roman numerals [8,19] and depicted in grey boxes. Ant-isolates are labeled by colony number, followed by the year isolated and 
GenBank identification number in parenthesis. The percentage sequence identity with original isolates is given in brackets after all re-isolates. 
Isolations from the same colony are boxed in the same color to facilitate comparison. Note that bacteria isolated from all colonies remain in the same 
phylogenetic clade over time, with the exception of a different morphological type (*) isolated once from a colony with two other independent re- 
isolates identical to the original sequence isolated. 
doi:1 0.1 371/journal.pone.01 03269.g003 
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fostering (across genera) callow ants in simplified subcolonies 
(lacking particular components such as minor workers) allowed us 
to eliminate the possibility that fangus garden fi'agments, minors, 
and freshly dissected cuticle with Actinobacteria from majors 
could provide a source of inoculum of the bacteria. Our findings 
indicate that the presence of live Actinobacteria-carrying majors is 
necessary for successful transmission to occur, making this source 
the primary, likely sole, route of within-colony transmission for 
these two Acromyrmex species. Other fungus-growing ant genera 
carry Actinobacteria on the same locations of the cuticle as 
Acromyrmex [15], so this mode of within-colony transmission may 
be more general. 

Our work indicates that successful exosymbiont transfer 
requires worker-to-worker contact occurring less than 2 hours 
after worker eclosion. The mechanisms responsible for this narrow 
time window for successful exosymbiont transfer are unknown, but 
are likely hnked to the physiology of the ants, which actively 
maintain the bacteria on so-far unidentified cuticular secretions 
[15]. Our findings suggest that appropriate cuticular secretions 
may either only be available during a short time window or may 
change dramatically during the initial ontology of the ant host, 
potentially facilitating host-symbiont specificity by reducing the 
time where newly eclosed majors are susceptible to colonization 
and thereby potentially 'vulnerable' to invasion by undesired 
bacteria. The finding that successful establishment requires that 
callow majors are reared in the presence of live exosymbiont- 
carrying majors, indicates that the combination of the right 
conditions for Actinobacteria establishment include both cuticular 
receptiveness to colonization as well as direct major worker-to- 
callow major worker interactions during a brief critical time 
window. During this time period older majors interact closely with 
newly eclosed majors by antennating, walking on, and carrying 
them (S.E.M., 2009-2012, personal observations). Since major 
callow workers universally acquire Actinobacteria cover, the 
recognition of callow major eclosion, followed by behavioural 
interactions, by older workers must be highly eflScient to assure 
efiicient within-colony transmission. This limited acquisition 
period parallels findings in alydid stinkbugs, which can only be 
colonized by their Buckholderia gut-symbiont during a single 
phase of larval development [3]. 

A narrow time window for active transmission of specific 
Actinobacteria to newly eclosed major workers suggests that 
specific bacterial symbionts are continuously inoculated onto new 
individuals within ant colonies and therefore maintained over the 
lifetime of the colony. Andersen and colleagues [20] used 16 S 
pyrotag sequencing to show that individual colonies of A. 
echinatior from Panama are dominated by a single Pseudonocar- 
dia bacterium from either of two specific phylogenetic clades, 
consistent with previous findings [8,19]. Further, the association of 
individual colonies with a bacterium from a specific clade appears 
to be stable over many years (reported up to 17 years) [20]. To 
independently confirm this, and to provide more phylogenetic 
resolution by using near full-length 16 S rDNA sequences, we 
isolated Pseudonocardia exosymbionts from nine Acromyrmex 
colonies that had been maintained in the lab for up to 9 years. We 
found that 1 6 S DNA sequences were identical, or near identical, 
to those of the Pseudonocardia symbionts originally isolated from 
colonies at the time of collection. Five of these colonies were from 
the same Panamanian population as those in Andersen and 
colleagues [20], while the remaining colonies were from three 
other Acromyrmex species (A. laticeps, A. hispidus fallax and A. 
niger) collected in Argentina. While not all re-isolated sequences 
were identical to the original isolates, the sequence differences 
were fewer than what could be expected due to routine Sanger 



sequencing errors, confirming the findings from Poulsen and 
colleagues [19] and Andersen and colleagues [20] on Panamanian 
Acromyrmex species, in addition to suggesting that these patterns of 
colony-level specificity and long-term stability with Pseudonocar- 
dia exist across the genus Acromyrmex. Future work samphng 
workers from field colonies over several years would be desirable 
to confirm our findings in the presence of the potential selective 
pressure imposed by the horizontally transmitted pathogen [40] 
and the potential exposure to greater diversity of other strains of 
Pseudonocardia. 

Our results, in combination with those of Andersen and 
colleagues (2013), support stable long-term maintenance of specific 
Pseudonocardia strains within colonies. However, these results 
could reflect stable associations of ant colonies with bacteria from 
the same phylogenetic clade, not a single specific strain. The 
reason for this is that 16 S is not a reliable marker to distinguish 
between closely related strains of bacteria (i.e., such a pattern 
could represent acquisition of a new strain of the same 
Pseudonocardia phylogenetic clade from another colony within 
the laboratory or even from environmental sources). Nevertheless, 
given the specific mechanisms involved in transmission identified 
in this study, it is likely that individual nests in fact do form stable 
associations with a single dominant Pseudonocardia strain. This is 
congruent with the work by Poulsen and colleagues (2005) and 
Caldera & Currie [41], which used EF-Tu, a more variable 
phylogenetic marker, and six house-keeping genes, respectively. 

Conclusions 

The specific conditions for within-colony transmission described 
are expected to both ensure the efficient acquisition of the 
symbiont to new workers and to decrease the opportunity for other 
microbes to exploit this niche. This would benefit the ants by 
ensuring the association with their beneficial symbiont, and the 
symbiont by ensuring its transmission within the colony. This 
mode of transmission from older to newly eclosed adults is likely to 
be equivalent for the inoculation of virgin queens that are known 
to carry Actinobacterial exosymbiont on their cuticle during 
colony foundation [10], and would help ensure parent to offspring 
colony (vertical transmission) maintenance of the association 
between the maternal ant lineage (male reproductives do not 
carry Pseudonocardia and do not engage in colony founding) and 
the bacterial mutuEilist. This default vertical transmission mode, 
between host generations via virgin queens, should produce 
patterns of host-symbiont co-diversification, which to a large 
extent have been observed, only disrupted by events of horizontal 
transmission and acquisitions of free-living Pseudonocardia to the 
symbiosis [8,41]. The identification of an apparendy highly 
specific set of conditions for transmission of Pseudonocardia in 
Acromyrmex leaf-cutting ants has the potential to mediate long- 
term stability and host-symbiont specificity of the mutualism. 

Supporting information 

Figure SI Images of subcolony setup and ant coloniza- 
tion. Experimental subcolony setup (a) with S)rmbiotic (b, d, f, h, j) 

and aposymbiotic (c, e, g, i, k) ants, a) A subcolony with newly 
eclosed worker (lighter ant) and two major workers (darker ants), 
fungus garden and leaf fragments; images contrasting symbiotic (b, 
d, f, h, j) with aposymbiotic ants (c, e, g, i, k); c, d photos of adult 
ants, e-g dissecting microscope images of workers 14 days post- 
eclosion, h-k environmental scanning electron micrographs of 
workers 2 1 days post-eclosion. Note characteristic morphology of 
Actinobacteria in symbiotic ants and absence of these features in 
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aposymbiotic ant. Photos b and c ©Alex Wild (used by 

permission), other images by Sarah Marsh. 

(DOCX) 

Table SI Experimental design overview. The first column 
outlines each experiment, with subsequence columns providing the 
components in each subcolony: species of pupae (focal ant) and 
adult ants; number of exosymbiotic and aposymbiotic majors, and 
minors; fungus source colony ant species, and finally results 
(mortality and proportion of ants acquiring). 
(DOCX) 

Acknowledgments 

We thank Joseph Fruehbrodt, Michael Sullivan, Adrienne Siu, and Sarah 
Bartlett for assistance with subcolony set-up, maintenance and bacterial 

References 

1. De Bary HA (1879) Die Erscheinung der Symbiose. Strasburg: Karl J. Trubner. 

2. Chaston J, Goodrich-Blair H (2010) Common trends in mutualism revealed by 
model associations between invertebrates and bacteria. FEMS Microbiol Rev 
34: 41-58. doi: 10. 1 1 11 /j. 1574 0976.2009.00 19,',.x. 

3. Kikuchi Y. Ilosokawa 1 . I'ukatsu [' :201 1; Speeiiic De\ elopmenlal Window for 
Establishment of an Insect-.Microbe (jUt Svmioiosis. .^ppl Emiron Microbiol 77: 
407.5-408 1 . doi: 1 0. 1 1 28/AEM.003.58-1 1 . ' 

4. Sachs JL, Esscnbcrg CJ, Turcotte MM (201 1) New paradigms for the evolution 
of beneficial infections. Trends Ecol Evol 26: 202-209. doi;10.1016/ 
j.tree.201 1.01.010. 

5. Rio RVM, Maltz M, McCormick B, Reiss A, GrafJ (2009) Symbiont Succession 
during Embryonic Development of the European Medicinal Leech, Hirudo 
verbana. Appl Environ Microbiol 75: 6890-6895. doi:10.1 128/AEM.Ol 129-09. 

6. Sehultz TR, Brady SG (2008) Major evolutionary transitions in ant agriculture. 
Proe Nad Acad Sei USA 105: 5435-5440. doi:10.1073/pnas.07 1 1024105. 

7. lliilkloWer B, Wilson EO (1990) The Ants. Cambridge, MA: Belknap Press of 
Harvard. 732 p. 

8. Calaro .\1J, Poulsen M, Little AEF, Price SL, Gerardo NM, et al. (2011) 
Specificity in the symbiotic association between fungus-growing ants and 
protective Pseudonocardia bacteria. Proc R Soc B 278: 1814—1822. 
doi: 10.1098/rspb.2010.2118. 

9. Cunie CR, Bot ANM, BoomsmaJJ (2003) Experimental evidence of a tripartite 
mutualism: bacteria protect ant fungus gardens from specialized parasites. Oikos 
101: 91-102. doi:10.1034/j. 1600-0706.2003. 12036.x. 

10. Currie CR, Scott JA, Summerbell RC, Malloch D (1999) Fungus-growing ants 
use antibiotic -producing bacteria to control garden parasites. Nature 398: 701— 
704. doi:10.1038/195l'9. 

11. Haeder S, Wirth R, Llerz ti, Spiteller D (2009) From the Co\'er: Candicidin- 
producing Streptomyces support ieaf-eutling anls to protect their fungus garden 
against the pathogenic liingus Eseovopsis. Proc Natl Acad Sei USA 106: 4742— 
4746. doi: 1 0. 1073/pnas.08 1 2082 1 06. 

12. Oh DC, Poulsen M, Currie CR, Clardy J (2009) Dentigerumycin: a bacterial 
mediator of an ant-fungus symbiosis. Nat Chem Biol 5: 391-393. doi:10.1038/ 
nchembio.159. 

13. Poulsen M, Cafaro MJ, Erhardt DP, Little AEF, Gerardo NM, et al. (2010) 
Variation in Pseudonocardia antibiotic defence helps govern parasite-induced 
morbidity in Acro'myrm£X leal-eutting ants. Environ Alicrobiol Rep 2: 534-540. 
doi:10.1111/j.l758-2229. 2009.00098.x. 

14. Schocnian I, Spiteller M, Ghaste Wirth R, Herz H, et al. (2011) Chemical 
basis of the synergism and antagonism in microbial eominunities in the nests of 
leaf-cutting ants. Proc Natl Acad Sci USA 108: 1955-1960. doi:10.1073/ 
pnas. 1008441 108. 

15. Currie CR, Poulsen M, McndenhaUJ, BoomsmaJJ, BiUcn J (2006) Coevolved 
crypts and exocrine glands support mutuaHstic bacteria in fungus-growing ants. 
Science 311: 81-83. doi:10.1126/science.lll9744. 

16. Fernandez-Marin H, Zimmerman JK, Nash DR, Boomsma JJ, Weislo WT 
(2009) Reduced biological control and enhanced chemical pest management in 
the evolution of fungus larming in ants. Proc R Soc B 276: 2263-2269. 
doi: 1 0. 1098/rspb.2009.01 84. 

17. Poulsen M, Bot ANM, Currie CR, BoomsmaJJ (2002) Mutualisue bacteria and 
a possible trade-off between alternative defence mechanisms in Acromyrnux leaf- 
cutting ants. Insectes Soc 49: 15-19. doi:10.1007/s00040-002-8271-5. 

18. Poulsen M, Bot ANM, Currie CR, Nielsen MG, BoomsmaJJ (2003) Widiin- 
colony transmission and the cost of a mutualistic bacterium in the leaf-cutting 
ant Acromyrmex octospinosus. Funct Ecol 17: 260-269. doi:10.1046/j.l365- 
2435.2003.00726.x. 

19. Poulsen M, Cafaro MJ, Boomsma JJ, Currie CR (2005) Specificity of the 
mutualistic association between actinomyccte bacteria and two sympatric .species 
otAcromyrmex leaf-cutting ants. Mol Ecol 14: 3597-3604. doi:10.1 1 1 l/j.l365- 
294X.2005.02695.X. 



isolations and Ronald Vargas, Bernal MaLarrita & Rolando Moreira for 
assistance during lieldworli at Costa Rica. Wc thank Jonathan Klassen for 
comments on this inanuseript as well as Heidi Horn, (Caspar Bruner, 
Marie-Anne Felix, Nicole M. Cierardo, and Matthew Hutchings. We 
aclinowledge the Organization lor Tropical Studies (OTS) and the 
Ministerio de Ambiente y Energla in Costa Rica, and the Autoridad 
Nacional del Ambiente in Panama and the government of Argentina for 
facilitating the research and granting collecting permits. 

Author Contributions 

Conceived and designed the experiments: SEM MP APT CRC. Performed 
the experiments: SEM. Analyzed the data: SEM. Contributed reagents/ 
materials/analysis tools: APT CRC. Wrote the paper: SEM MP APT 
CRC. Provided support in the field: APT. 



20. Andersen SB, Hansen LH, Sapountzis P, Sorensen SJ, Boomsma JJ (2013) 
Specificity and stability of the Acromyrmex-Pseudonocardia symbiosis. Mol Ecol 
22: 4307-4321. doi:10. 1 1 1 1/mcc. 12380. 

21. Aylward FO, Burnum KE, Scott JJ, Suen G, Tringe SG, et al. (2012) 
\letagciiomie and metaprotcomic insights into bacterial communities in leaf- 
cutter ant fungus garden. ISME J 6: 1688-1701. doi:10.1038/ismcj.2012.10. 

22. Kost C, Lakatos T, Bottcher I, Arendholz W-R, Redenbach M, et al. (2007) 
Non-specific association between filamentous bacteria and fungus-growing ants. 
Natiirwissenschaften 94: 821-828. doi:10.1007/s00114-007-0262-y. 

23. MueUer UG, Dash D, Rabeling C, Rodrigues A (2008) Coevolution between 
Attinc ants and Actinomvcctc bacteria: A rcevaluation. Evolution 62: 2894- 
291 2. doi: 10. 1 1 1 1 /J. 1 558-5646.2008.0050 1 .x. 

24. Sen R, Ishak HD, Estrada D, Dowd SE, Hong E, et al. (2009) Generalized 
antifungal activity and 454-sereening of Pseudonocardia and Arnycolatopsis 
bacteria in nests of fungus-growing ants. Proc Natl Acad Sci USA 106: 17805— 
1 7810. doi: 10. 1073/pnas.0904827 106. 

25. Barke J, Seipke RF, Grtischow S, Heavens D, Drou N, et al. (2010) A mixed 
community of actinomycetes produce multiple antibiotics for the fungus farming 
ajit Acromyrmex octospinosus. BMC Biol 8: 109-118. doi:10.1 186/1741-7007-8- 
109. 

26. Abramowski D, Currie CR, Poulsen M (201 1) Caste specialization in behavioral 
defenses against fungus garden parasites in Acromyrmex octospinosus leaf-cutting 
ants. Insectes Soc 58: 6.5-75. doi:10.1007/s00040-010-0117-y. 

27. Lamoii B, Topolf H (1985) Social Facilitation of Lclosioii in the Fire Ant, 
Solmopsts-lnvwta. Dev Psyehobiol 18: 367-374. doi:10.1002/dev.420180502. 

28. Camargo RS, Forti LC, Lopes JFS, Andradc APP, Ottati ALT (2007) Age 
polyethism in the leaf-cutting ant Acromyrmex subterraneus brunneus Forel, 
1911 (Hym., Formicidae). J Appl Entomol 131: 139-145. doi:10.1 1 1 l/j.l439- 
0418.2006.01129.x. 

29. Marsh SE, Poulsen M, (iorosito NB, Pinto-Tomas A, Masiulionis VE, et al. 
(2013) The presence of an association between Pseudonocardia symbionts and 
Atta leaf-cutting ants is suggested by improved isolation methods. Int Microbiol 
16: 17-25. doi:doi:10. 2436/20.1501.01. 176. 

30. Lane DJ (1991) 16S/23S rRN,\ see)ueneing. In: Staekebrandt E, Goodfellow M, 
editors. Nucleic acid techniques in bacterial systcmatics. New York: John Wiley 
and Sons. pp. 115-175. 

31. Sequencher version 4.5 sequence analysis software (http://www.genecodes. 
com).English. Ann Arbor, MI US: Gene Codes Corporation. Available: http:/ / 
www.genecodes.com. 

32. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, et al. (2007) 
Clustal W and Cliislal X xersion 2.0. Bioinformatics 23: 2947-2948. 
doi: 1 0. 1 093/bioinlorinatics/btm404. 

33. Maddison DR, Maddison WP (2005) MacClade 4 release version 4.07 for OSX. 
Sunderland, Massachusetts: Sinauer Associates, Inc. Available: http:/ / macclade. 
org/. 

34. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (201 1) MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolution- 
ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731—2739. 
doi: 1 0. 1 093/molbev/msr 121. 

35. Aanen DK, Eggleton P, Rouland-Lefevre C, GuIdbcrg-I'Voslcv T, Rosendahl S, 
ct al. (2002) The evolution of fungus-growing termites and their mutualistic 
fungal symbionts. Proc Nati Acad Sci USA 99: 14887-14892. doi:10.1073/ 
pnas.2223 13099. 

36. Lund MB, Davidson SK, Holmstrup M, James S, Kjeldsen KU, et al. (2010) 
Diversity and host specificity of the yerminephrobacter-eaxthwOTm symbiosis. 
Environ Microbiol 12: 2142-2151. doi;10.111I/j.l462-2920.2009.02084.x. 

37. Nyhohn SV, Stewart JJ, Ruby EG, McFall-Ngai MJ (2009) Recognition between 
symbiotic Vibrio fischeri and the hacmocytes of Euprymrm scolopes. Environ 
Microbiol 11: 483-493. doi: 10.1 1 1 l/j.l462-2920.2008.01788.x. 

38. Frank SA (1996) Host-Symbiont Conilict over the Mixing of Symbiotic 
Lineages. Proc R Soc B 263: 339-344. doi:I0.1098/rspb.l996.0052. 



PLOS ONE I www.plosone.org 



8 



July 2014 I Volume 9 | Issue 7 | e103269 



Symbiont Transmission Constraints in Leaf-Cutting Ants 



39. Poulscn JM, Bot .\NJM, Boomsma JJ (2003) The effect of metapleural gland 
secretion on the growth of a mutuaUstic bacterium on the cuticle of leaf-cutting 
ants. Naturwissenschaften 90: 406-409. doi:10.1007/s00114-003-04,50-3. 

40. Currie CR, MueUer UG, Malloch D (1999) The agricultural pathology of ant 
fungus gardens. Proc Natl Acad Sci USA 96: 7998-8002. doi:10.1073/ 
pnas.96. 14.7998. 



41. Caldera EJ, Currie CR (2012) The population structure of antibiotic -producing 
bacterial symbionts of Apterostigma dentigerum ants: Impacts of coevolution 
and multi-partite symbiosis. Am Nat 180: 604-617. doi:10.1086/667886. 



PLOS ONE I www.plosone.org 



9 



July 2014 I Volume 9 | Issue 7 | e103269 



